Several genetic polymorphisms have been proposed to be associated with myocardial infarction (MI). The authors examined the evidence and biases underlying such associations using a case-study meta-analysis and an overview of large-scale data. In a meta-analysis of 27 studies addressing the association of the angiotensin type 1 receptor (AT1R)þ1166A/C polymorphism with MI (10,180 cases, 17,129 controls), the *C allele conferred an increase in MI risk (odds ratio ¼ 1.13 per allele, p ¼ 0.005). However, there was large between-study heterogeneity; the largest study showed no effect, contradicting smaller studies; and studies with blinded genotyping showed no effect. The authors conducted an overview of meta-analyses of genetic associations for MI or coronary artery disease, including at least three studies and 3,000 subjects. In their latest meta-analysis, another 14 polymorphisms were found to have formally significant associations. If true, these associations would already explain 42% of the MI risk for Caucasian populations. Significant between-study heterogeneity was common. Across the 32 largest studies, only two found formally significant results (nine would be expected if each meta-analysis showed a true association). Even with large-scale evidence from meta-analyses, significant associations for MI may be subject to bias. Large-scale single studies and prospective consortia should be used for detecting and validating the genetic determinants of MI. angiotensin II; AT1R; bias (epidemiology); epidemiology; genes; meta-analysis; myocardial infarction; polymorphism, genetic Abbreviations: AT1R, angiotensin type 1 receptor gene; CAD, coronary artery disease; CI, confidence interval; MI, myocardial infarction; OR, odds ratio.
candidate gene approach. Genes involved in pathways of cardiovascular phenotypes have been evaluated in casecontrol studies for their association with MI and CAD outcomes. Many of these genes have given occasional signals for such associations in single studies, but these associations are often refuted in subsequent studies. Meta-analyses combining information from many studies may provide more conclusive answers regarding the presence of such associations (3) (4) (5) (6) . However, even with well-conducted meta-analyses, there is the threat that biases-for example, publication bias and selective reporting bias-may lead to spurious results. Several investigators have noted in some instances that large studies may give more conservative results than smaller studies (6) (7) (8) , which may reflect bias in this literature.
Recently, the search for genetic determinants of MI and other common complex diseases and phenotypes has proceeded toward adopting discovery-oriented approaches with massive testing of polymorphisms (9, 10) . At the same time, more and more promising associations with MI continue to appear at a rapid pace in prestigious journals (11, 12) . It would be interesting to know how much of the total genetic variability we have explained already based on seemingly replicated associations to date. It is also useful to examine the extent to which biases may affect even the largest-scale evidence obtained from meta-analyses in this field.
Here, we set out to address these issues with empirical data. First, we performed a meta-analysis of 27 studies addressing one of the most commonly probed polymorphisms for its relation with MI, namely, the þ1166A/C variant in the angiotensin type 1 receptor (AT1R) gene. Several small studies have suggested this polymorphism as a risk factor, but the largest study (8) , with over 10,000 subjects, had entirely null findings. We performed the meta-analysis with a prime focus on detecting signals for potential biases. We also performed an overview of large-scale meta-analyses of genetic polymorphisms in which the results claimed a significant association with MI outcomes. We scrutinized these data for signals that would potentially reveal the presence of bias.
MATERIALS AND METHODS

Case-study meta-analysis
Study identification and eligibility. We considered all studies on the association of the AT1Rþ1166A/C polymorphism with MI. We searched PubMed (National Library of Medicine, Bethesda, Maryland) by using the following terms: angiotensin AND receptor AND (genetics OR genet* OR polymorphism OR mutation OR mutant OR allele OR variant OR SNP [single nucleotide polymorphism]) AND (myocardial infarction OR myocardial ischemia OR coronary OR heart OR cardiovascular) (last search, December 2005). We immediately excluded news, reviews, and meeting abstracts. We communicated with the authors of eligible reports when pertinent data were missing or when cardiovascular disease was assessed as the primary outcome and an MI subsample was included without explicitly presented data. In addition, family-based studies were excluded. To sharpen the definition of the phenotype under study, we also excluded studies focusing on CAD without separate data on MI outcomes.
Data extraction. From each study, we noted year of publication, country of origin, study design, proposed genetic contrast, information on genotypes and/or alleles, eligible and genotyped cases and controls, ''racial'' descent, gender, age, and MI definition. For studies including subjects of different ''racial'' descent, as well as for multicenter studies, data were extracted separately whenever possible. Furthermore, we examined whether any blinding or validation of genotyping had been used.
Among overlapping studies, only the largest was retained. Two investigators independently extracted the data; disagreements were discussed with a third arbitrator, and consensus was reached on all items.
Data synthesis. *C allele frequencies were synthesized across all control groups with random-effects models. Conformity of controls' data with Hardy-Weinberg equilibrium was tested with an exact test. The primary analysis was based on the contrast of alleles. Secondary analyses examined dominant and recessive inheritance models. The odds ratio was used as the metric of choice. For each genetic contrast, we estimated the between-study heterogeneity across all eligible comparisons by using the v 2 -based Q statistic (significant for p < 0.10) (13) . We also quantified the extent of heterogeneity with I 2 (range, 0-100 percent; values >75 percent imply extreme heterogeneity) (14) . Data were combined by using both fixed-and random-effects (13) models. Fixed-effects models assume that there is a common genetic effect across all studies and that differences are due to chance. They have the advantage of being relatively insensitive to small studies with exaggerated spurious effects, but they are counterintuitive in the presence of heterogeneity. Random-effects models incorporate an estimate of the between-study variance and provide wider confidence intervals when results differ among studies. Given that heterogeneity is quite common in genetic association studies, as revealed by systematic appraisals of accumulated genetic information (3, 4, 7) , random-effects models seem more appropriate. However, they may be influenced more by small studies with exaggerated spurious effects.
Subgroup, sensitivity, and bias analyses. We performed additional analyses on the allele-based data that aimed to dissect potential sources of heterogeneity and bias. We examined whether results changed when limited to studies with rigorous selection of cases and controls (e.g., World Health Organization criteria) or when limited to studies that reported any blinding. We performed cumulative and recursive cumulative meta-analysis (4, 15) to evaluate whether the summary odds ratio and between-study heterogeneity estimates changed over time. We used the Begg-Mazumdar test to evaluate whether the magnitude of the observed association was related to the variance of each study; that is, small studies gave different results than larger studies (16) . We also compared the results of the largest study against the results of smaller ones (17) . Finally, we examined the impact of correcting for deviations from Hardy-Weinberg equilibrium (18) .
Overview of meta-analyses
Search for meta-analyses and eligibility criteria. We identified meta-analyses providing a quantitative synthesis for the relative risk conferred by the probed genetic polymorphism and that found a statistically significant result (p < 0.05) for the probed association with MI based on the primary analysis, as defined by the meta-analysis investigators. The full PubMed search (last update, March 2006) is available upon request. When several meta-analyses had been performed on the same association, we focused on the latest one with more updated information included in the quantitative synthesis for the MI outcome. When no metaanalysis had been performed giving separate calculations for MI in particular, we accepted the latest meta-analysis performed considering all CAD outcomes, and we considered the genetic effect for CAD as a proxy for the genetic effect for MI, unless stated otherwise in the meta-analysis. We considered only those meta-analyses with at least three studies and at least 3,000 cases and controls.
Data extraction. For each eligible meta-analysis, we recorded the author, year of publication, gene, polymorphism, genetic contrast considered in the main analysis, summary odds ratio and 95 percent confidence intervals, ''racial'' descent groups considered, whether there was any mention of differences in the genetic effect across ''racial'' descent groups, the average frequency of the genetic marker of interest in the analyzed Caucasian populations, whether there was significant between-study heterogeneity (based on the Q statistic, as above), whether any studies had been included that had 500 or more cases and 500 or more controls in the genetic contrast analysis adopted by the meta-analysis, and whether these ''large'' studies had found statistically significant results on their own (p < 0.05) in this analysis. The cutoff for ''large'' studies was selected a priori, and it is unavoidably a subjective choice, but analyses in other fields (13) have used the cutoff sample size of 1,000 to define a ''large'' study, and we wanted to ensure that an adequate number of both cases and controls were available for analysis. A ''large'' study was defined as having at least 500 cases and 500 controls simply for operational reasons. Current evidence (19) suggests that delineating the genetic epidemiology of complex traits may need sample sizes on the scale of several thousands. We also noted whether mention was made of checking whether small studies differed in their results versus larger studies and what method had been used to test for small study effects. Data were not consistently available from all studies to standardize evaluations of small study effects with the same methods across meta-analyses.
Analyses. For each eligible meta-analysis, we estimated the attributable fraction (AF) for MI (or CAD) in the Caucasian populations based on the reported summary odds ratio (OR) and the average frequency f of the genotype group of interest in the Caucasian populations, as follows:
When OR was per allele, AF included a component for homozygotes and one for heterozygotes.
If these genetic factors are not linked and not interacting with each other, then the sum of these attributable fraction estimates provides the total proportion of the risk of MI explained by these identified genetic markers. This estimate would be inaccurate if there are strongly linked markers and strong interactions (positive or negative epistasis). We also estimated the probability that it would have a formally statistically significant result at the a ¼ 0.05 level (power) of each ''large'' study given its sample size for cases and controls and given the observed frequency of the genetic marker of interest in the control group, if the summary odds ratio genetic effect in the meta-analysis were true (20) . The sum of these probabilities across studies (the expected number of studies with statistically significant results) was then compared with the observed number of statistically significant findings (exact binomial probability test). Analyses were conducted by using SPSS 13.0 (SPSS, Inc., Chicago, Illinois), Stata 8.0 (Stata Corporation, College Station, Texas), StatXact (Cytel Inc., Boston, Massachusetts), and MetaAnalyst (Joseph Lau, Boston, Massachusetts) software. All p values are two tailed.
RESULTS
AT1Rþ1166A/C meta-analysis
Fifty-four publications were considered. Of those, 31 were excluded after full-text scrutiny, thus leaving 23 studies (appendix table 1) for further analysis. Reasons for exclusion were overlap with an eligible study (n ¼ 3), no data after attempting to communicate with the authors (n ¼ 11), outcome other than MI (n ¼ 11), other polymorphism involved (n ¼ 4), and reviews (n ¼ 2). The eligible studies pertained to 27 distinct study populations (10,180 cases and 17,129 controls). The median sample size was 429 (interquartile range, 339-744). Twenty-one, two, and four studies included populations of Caucasian, African, and Asian descent, respectively. Nine studies mentioned blinding of genotyping concerning the clinical outcome or vice versa, while further genotype validation was mentioned in only three study populations. Hardy-Weinberg equilibrium in the control groups was reported to be violated in one study, and the authors had made no further comment. Six studies made no mention of Hardy-Weinberg equilibrium testing. Our calculations revealed another violation. The frequency of the *C allele across all control groups was 24 percent (95 percent confidence interval (CI): 21, 26), with major differences across ''racial'' descent groups (Caucasians, 28 percent (95 percent CI: 27, 29); Africans, 8 percent (95 percent CI: 7, 9); and Asians, 11 percent (95 percent CI: 5, 19)).
Statistically significant between-study heterogeneity was found for the contrast of alleles, as well as for the contrasts assuming dominant or recessive inheritance (I 2 ¼ 62 percent, I
2 ¼ 53 percent, and I 2 ¼ 46 percent, respectively). The *C allele significantly increased the risk of MI both overall (random-effects OR ¼ 1.13, 95 percent CI: 1.04, 1.23; p ¼ 0.005) and in studies of subjects of Caucasian descent (random-effects OR ¼ 1.14, 95 percent CI: 1.05, 1.24). The fixed-effects estimates showed a very small effect (OR ¼ 1.05) with borderline statistical significance (p ¼ 0.04) (table 1, figure 1 ). The available data suggested differential effects of the *C allele for Africans, but data for this group were very sparse, and there was no significant between-''racial'' group heterogeneity.
When we restricted our analyses to studies using World Health Organization criteria, the genetic effect (randomeffects OR ¼ 1.15, 95 percent CI: 1.05, 1.26) and heterogeneity (I 2 ¼ 40 percent) remained largely unaffected. However, when our analyses were restricted to studies in which any type of blinding was mentioned, both the genetic effect (random-effects OR ¼ 1.01, 95 percent CI: 0.95, 1.07) and heterogeneity (I 2 ¼ 8 percent) were annulled. In cumulative meta-analysis, the magnitude of the randomeffects odds ratio had not changed much over time, but heterogeneity evolved (figure 2). The summary odds ratio changed little between 1994 and 2005, fluctuating between 1.09 and 1.18. Heterogeneity was minimal (I 2 ¼ 3-25 percent) until the end of 1998, when the cumulative data also did not show any formally significant association. Heterogeneity became prominent after 1999, the same time that the summary estimate became formally significant. At that point, a study was published clearly implicating the polymorphism in MI pathogenesis in a Spanish population (21) .
The Begg-Mazumdar test showed no correlation (p ¼ 0.98). However, the largest study (8) found absolutely no benefit (OR ¼ 0.96, 95 percent CI: 0.91, 1.02), and this finding was different beyond chance compared with the results of the smaller studies (OR ¼ 1.15, 95 percent CI: 1.05, 1.25). After we excluded the two studies in which Hardy-Weinberg equilibrium was violated, the main results remained unaffected (OR ¼ 1.14, 95 percent CI: 1.04, 1.25); also, correction for Hardy-Weinberg equilibrium deviation did not affect the results (OR ¼ 1.13, 95 percent CI: 1.04, 1.23).
Overview of meta-analyses
A total of 15 polymorphisms (including AT1Rþ1166 A/C) have had an eligible meta-analysis, suggesting that they are significant determinants of the risk of MI or CAD (when separate data for MI were not available) (table 2) (5, 6, 22-28). The 15 polymorphisms pertained to 12 different genes, and they are not known to have any considerable linkage disequilibrium among them. Each meta-analysis included five to 53 studies and 4,067-35,892 subjects (cases and controls combined). Three meta-analyses included only Caucasian populations, whereas the others had some ''racial'' diversity across the included studies; however, this diversity typically was largely limited to Caucasian and Asian populations, with sparse or no data on other ''racial'' descents. One meta-analysis (23) found a much larger genetic effect in studies conducted in Asia versus other studies. Five metaanalyses (5, 6; the current meta-analysis) performed separate analyses according to blinding of genotyping, and two of them found significantly different results depending on whether blinding was stated in the studies (6; the current meta-analysis).
The summary odds ratio estimates were modest. With one exception (OR ¼ 1.73), they all ranged from 0.8 to 1.34. Given these odds ratio estimates and the observed frequencies of the genetic marker of interest, the attributable fraction for MI ranged from less than 1 percent to 7 percent for each polymorphism. However, if these effects are independent, the total attributable fraction for MI would be 42 percent even without considering the two polymorphisms where the minor allele was protective (table 2) . Despite the seemingly large sample size, the frequency of the genetic marker of interest was less than 10 percent in the control group in six meta-analyses, and the total number of controls with the genetic marker of interest was less than 600 in seven meta-analyses. With two exceptions, all metaanalyses had examined the possibility that small studies found different results than larger studies, and the metaanalysts had carefully commented on some evidence of this finding in 10 of the 13 meta-analyses. Analyses for claiming small study effects used different approaches in these metaanalyses with variable credibility and methodological robustness. These approaches included the rather subjective visual inspection of a funnel plot in one meta-analysis (27) , simple comparisons of effects in small studies versus larger studies in six (6, 22, 26 ; the current meta-analysis), and formal correlation and/or regression tests in another six meta-analyses (5, 23, 25) .
There were 32 ''large'' studies on these 15 associations (table 2). Only two found formally statistically significant results. Assuming the summary odds ratio estimates, given the study sample sizes and the frequencies of the genetic markers of interest in the control groups, one would expect nine of these ''large'' studies to have formally statistically significant results-far less compared with the two statistically significant studies observed (p ¼ 0.005).
DISCUSSION
An evaluation of the large-scale evidence on associations of candidate genes with MI and CAD showed that considerable bias is probably prevalent in this literature. Fifteen associations have been seemingly replicated with large-scale evidence to date. They typically pertained to associations supported by epidemiologic evidence on cardiovascular risk factors and biologic evidence about potentially important molecules rather than being a random selection from the genome. If true, these associations might cumulatively already explain more than a third of the population attributable risk for these outcomes, unless negative epistasis is operating on these gene effects. Moreover, several other associations have been postulated in the recent literature in prestigious journals, and they await further replication (11, 12, 29 MI are not yet known, since only a negligible portion of the several million polymorphisms of the human genome have been adequately studied in relation to MI to date. Closer scrutiny of these seemingly replicated associations suggests that many of them may be false positives despite the large amount of accumulated data. First, most of these meta-analyses exhibit large between-study heterogeneity, which could represent genuine variability or bias. However, reasons for genuine variability are not obvious, and most of the available data do not suggest ''racial''-specific effects (30) or other discernible sources of true variability, although exceptions may definitely occur (11, 23) . The implicated genes are generally unlinked to each other, although negative and/or positive epistatic interactions cannot be ruled out. Another explanation for genuine heterogeneity is variable gene-environment interactions across different populations, although not documented in any of these associations.
In many of these meta-analyses, the primary metaanalysts carefully noted that the larger studies tend to give more conservative or even entirely ''null'' results. We also observed the same pattern in the case-study meta-analysis of AT1Rþ1166A/C. Moreover, we found that, overall, only two of the 32 largest studies in this field reported formally significant associations. One would have expected that, given their sample sizes, about a third of these large studies should have yielded formally significant results if the estimated associations were true. This pattern suggests that the genetic epidemiology of MI is susceptible to bias. To date, most candidate polymorphisms postulated as being associated with MI have been subsequently contradicted given largescale evidence (6, 8, 31) . Our data suggest that, even among seemingly replicated associations and large-scale evidence, the false-positive rate may still be high.
The exact sources of bias are difficult to dissect. Bias could affect single studies or the field at large. Every genetic association study should be thoroughly assessed for susceptibility to bias. Biologic plausibility, publication bias, selection bias, spectrum of disease bias, population stratification, biased selection of controls, lack of blinding in the genotyping process, and genotyping error are some of the issues that should be considered. In the AT1Rþ1166 A/C metaanalysis, an association was seen only in those studies that did not report blinding, although lack of reporting does not preclude that some of these studies might have been blinded. Information on validation of genotyping and genotyping error has been very limited in genetic association studies to date. However, even modest differential misclassification error could create a spurious odds ratio in the range of those observed here for the putative replicated associations.
The greatest threat may come from bias that affects the field at large. Included are selective reporting bias and publication bias (32, 33) . Possibly, investigators may perform analyses by using different definitions of outcomes and different outcomes, and occasionally they may report only the most significant results. In our case-study meta-analysis, we tried to retrieve information from all investigators where MI data for this polymorphism seemed available. Similar, if not more extensive efforts have been conducted for several of the other meta-analyses that have been generally performed by very experienced meta-analyst teams. However, unavoidably, some information will not be retrieved, and other information may remain totally unpublished and inaccessible. Evidence from other fields (34) suggests that selective reporting of outcomes and studies may be a threat regarding the validity of proposed associations, in particular associations of modest size.
In the face of limited validity even for large-scale epidemiologic data, one might seek some additional lines of evidence to sort out the true associations. Biologic plausibility is one such possibility (35) . For example, AT1Rþ1166 A/C has weak biologic plausibility. It is located on a noncoding region; there is no relation between the AT1R polymorphism and AT1R density and/or affinity; plasma levels of renin, angiotensinogen, the angiotensin-converting enzyme gene 978 Ntzani et al. (40) . However, it is very unlikely that even the majority of true genetic associations would be found in genome-wide linkage studies of the sort mainly carried out to date; they are too small to be detected. Other candidate polymorphisms in the list of the 14 examined here-for example, factor V Leiden (5)-have stronger plausibility based on known biologic effects, but the meaning of biologic plausibility can still be interpreted subjectively. Moreover, in the current era of massive polymorphism testing, it is likely that the identified signals will reflect simply loci in linkage disequilibrium rather than the prime culprit per se. Therefore, biologic support may be seemingly soft or absent for many genuinely promising signals.
We should also caution that we limited our evaluation to seemingly replicated associations with large-scale evidence. Besides significant associations in single or few studies not subjected yet to meta-analysis, the list of tested candidate gene variants with preliminary ''negative'' or inconclusive evidence is much longer. It is possible that evidence on some true genetic risk factors may still be nonsignificant because of underpowered studies. However, it seems that too many spurious associations have already been claimed to date, even when we focus on the most prominently replicated ones.
We conclude that, even when meticulous accumulation of large-scale evidence shows a formally statistically significant association of a polymorphism with MI, the credibility of this association should be viewed with reservation (41) . Although a true effect is still possible, the observed small effect may be a measure of the bias in the field (41) . Studies of the genetic determinants of MI need to follow rigorous criteria in the design, conduct, analysis, and comprehensive presentation of their results. In addition to the retrospective generation of large-scale evidence through meta-analyses, one has to consider ways to improve the credibility of these associations.
One solution is a consortium, where all investigators working on the genetics of MI participate (42) provided they meet certain criteria for the quality of the design and conduct of their studies and genotyping accuracy. Given the strong tradition of collaborative research in MI genetics (5, 6, 8) , this next step should be feasible. The consortium approach should ensure that proposed associations can be assessed within a framework in which definitions and analytical plans are commonly agreed upon, genotyping error is minimized through central quality control, and selective reporting is avoided or even entirely obviated through prospective replication of proposed associations, thus attempting to minimize the presence of spurious heterogeneity. If strong epistasis exists, it is possible that even large-scale studies may fail to detect any strong, consistent associations (43) . Complex gene-environment interactions would pose an additional challenge (44, 45) . Finally, for certain disease entities, a truly large heritable background may not exist, and their epidemiology may be governed by random, nonsystematic, environmental incidents (46) . Even very largescale consortia would make marginal discoveries at best under such circumstances.
